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Involvement of the central nervous system (CNS) is a  rare  but  important 
complication of many systemic viral infections. In spite of the fact that  a  vire- 
mic phase may be a component of the pathogenesis of any one of these diseases, 
encephalitis is a rare occurrence indicating that virus does not have ready access 
to the brain via blood. Possible mechanisms which prevent, as well as accelerate, 
entry of virus into the CNS from the circulation continue to  be  problems of 
fundamental importance, and an understanding of these phenomena could aid 
in the prevention of the all-important CNS pathology. 
In a previous  paper,  we reported  that inhalation  of increasing  concentrations  of 
carbon  dioxide  greatly  enhanced  the  entry  of  intravenously  inoculated  Type  II 
poliovirus into the CNS of mice (1). The mechanism of action of COs was not estab- 
lished,  although such  factors as increased  cerebral  blood flow and  cerebrovascular 
dilatation  were considered as contributing  to the net effect. In a continuing effort to 
elucidate the mechanisms whereby viruses gain entry into the CNS from the circula- 
tion,  studies  have been  continued  and extended  to include  additional  viruses  and 
additional drugs (2, 3). It was found that compounds such as endotoxin and convulsive 
doses of drugs  such as insulin or picrotoxin  enhanced  the CNS infectivity  of intra- 
venously injected poliovirus in mice. The data indicated  that injury to the  cerebral 
vasculature  by intravenously  inoculated endotoxin and  the production  of endogenous 
COs in the CNS by the action of the convulsant drugs possibly explained enhancement 
of virus entry into the CNS from the circulation. Furthermore, the enhancing ef- 
fect of COs inhalation  following intravenous inoculation of mice with poliovirus 
was demonstrated for both vesicular stomatitis and vaccinia viruses. And finally, a vari- 
ety of vasoactive compounds were screened for possible effects on CNS viral infectivity; 
among these, adrenalin, noradrenalin,  histamine, and serotonin proved to be effective. 
Intravenous administration  of any one of these drugs simultaneously with poliovirus, 
herpes simplex, vesicular stomatitis,  or vaccinia viruses served to increase the entry 
of virus into the CNS. 
* This research was supported in part  by the  Gregg Memorial Fund for Neurological 
Research. 
719 720  VASOACTIVE  AMINES AND  CO~ IN VIRUS INI~ECTMTY 
The  important role  that  catecholamines and related neurohumors play in 
mammalian neurophysiology is well recognized. Although their mechanism of 
action is poorly understood, various pharmacological effects follow their  ad- 
ministration, including cerebral vascular changes and changes in the electro- 
physiological activity of the brain. It was therefore of considerable interest to 
examine, in depth, the effect of these compounds on the permeability of the CNS 
to neurotropic viruses. We were also interested in the "virus-transfer event" as 
a means of learning something more about the mechanism of action of this im- 
portant class of compounds. Results of the investigation are set forth in this 
report. 
Materials and Methods 
Drugs.--Serotonin  (creatinine  sulfate  complex hydrate  of  5-hydroxy-tryptamine)  was 
purchased  from California Corporation  for Biochemical Research, Los Angeles; adrenalin 
(chloride) from Parke  Davis and Company, Detroit,  Mich.;  and nora~lrenalin (bitartrate) 
from Winthrop Laboratories, New York. Regitine (phentolamine mesylate) was supplied by 
Ciba Pharmaceutical Co., Summit, N. J., and Inderal (propanolol hydrochloride) by Ayerst 
Laboratories, Inc., N. Y. Carbon dioxide (300/0 COz-70°/o  02 mixture in standard gas cylinders) 
was obtained from Ohio Chemical Company, Los Angeles, Calif. 
Drugs  at desired concentrations were diluted  in Hanks' basic salt solution  (BSS) just 
prior to use. It was necessary to adjust the pH of some solutions in order to bring the final 
preparation  to pH 7.4. C(h inhalation was carried out as previously described (1). 
Viruses.--The  MEF-1 strain of Type II poliovirus adapted  by Krech to infect mice by 
the intravenous route (4) was used. Stock virus was prepared in monkey kidney cell cultures 
and stored at -20°C. When titrated by the intracerebral  (i.e.) route the ~)50 titer for mice 
was 2.5 X  102 plaque-forming units (PFU) and by intravenous (i.v.) titration, the Iz)s0 fiter 
was 5 X lff  t PFU. The WR neurotropic strain of vaccinia virus, purchased from the American 
Type Culture Collection, RockviUe, Md., was employed. Stock virus having an i.c. L~0 fiter 
of 2.5 X  102 PFU and an i.v. titer of 2.5 X  105 PFU for mice was prepared on the CA mem- 
brane of 12 day old chick embryos and stored at --70°C. The HF strain of herpes simplex 
virus, purchased originally from the ATCC, which had been passed several times in our lab- 
oratory in mouse brain, in the chick embryo, and in HeLa cell cultures, was employed. Stock 
virus was prepared in both chick embryos and in HeLa cell cultures and stored at --70°C; the 
i.c. ~us0  titer was 5 X i02 PFU and the i.v. titer was 5 X 104 PFU. Additionally, the MacIntyre 
strain of herpes simplex, isolated and identified by Dr. Edwin Lennette, from human brain 
was used in some experiments; it was propagated in embryonated eggs and in HeLa cell cul- 
tures. Vesicular stomatitis  virus (VSV), the New Jersey type, Ogden isolate, propagated in 
embryonated eggs was employed. Stock virus (infected CA fluid) having an i.c. LD~0 titer of 
7 X 102 PFU and an i.v. Lz)s0 titer of 1 X 105 PFU, was stored at --70°C until  used. A herpes- 
virus, pseudorabies, was obtained from Dr. Jack G. Stevens of this department.  Stocks pre- 
pared in rabbit kidney cultures containing 107 PFU/ml were stored at --70°C until used. A 
neurotropic strain of influenza virus, WSN, was obtained from Dr. R. W. Simpson and propa- 
gated in the chick embryo; stock virus (CA fluid) containing 108.6 EIDao/mi  1 was stored at 
--70°C until used. 
Viruses were diluted either in BSS or in the salt solution containing the desired concentra- 
tion of a given drug. A total volume of 0.25 ml was routinely employed for intravenous  injec- 
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tion via the tail vein.  The i.v. titers expressed above were PFU/0.25 ml of diluted stock; 
comparable i.c. titers were expressed as PFU/0.05 ml of diluted stock. 
Mice.-- Swiss mice from a  random-bred, but closed colony,  originally derived from the 
Webster Salmondla-resistant strain were used. The majority  were males, 6 wk of age, weighing 
approximately 25 g. In some experiments,  4 wk old mice were employed; this exception  is 
noted in the text. The animals were housed in stainless steel nesting boxes in groups of seven 
with food and water available as desired. 
TABLE I 
Effect of Adrenalin on the Susceptibility  of Mice to Intravenously  Inoculated Type II Polio~irus 
as Influenced  by Time between Virus Inoculation  and Adrenalin Injection 
Adrenalin* 
injected 
Before virus, rain 
60 
30 
10 
Simultaneously 
After virus, hr 
24 
48 
Controls (virus only) 
No. of 
mice 
i 
I 
21 
4O 
42 
39 
42 
42 
42  0 
Cumulative No. of paralyzed mice 
at indicated day postinfection 
1  2 
0  0 
0  0 
0  0 
00 
00 
00 
3  4  516 
I 
0  02  2 
1  2  7]S 
0  0i4  4 
i 
1  5  14  20 
0  1  2  7 
0  1  1  9 
0  0  5  9 
7  8 
2  3 
9  9 
5  7 
27  28 
9  12 
13  15 
12  14 
9  10 
5 
8  10 
28  28 
14  15 
15  17 
16 
II  12  14  l- 
i 
I 
29  30 
i 
16 
I 
Survivors 
No.  Per 
cent 
! 
16  !76 
30  75 
32  '76 
9  23 
26  62 
25  6O 
26  62 
* Groups of mice were inoculated with 5 gg of adrenalin in a total volume of 0.25 ml of 
BSS at the stated intervals before and after virus inoculation. 
RESULTS 
In the initial report (1) concerning the effect of CO2 inhalation on poliovirus 
infectivity, data were presented which  showed that  the effect of the gas was 
completely reversible. Exposure of mice to CO2,  followed immediately by in- 
travenous inoculation of virus, failed to increase the number of mice which de- 
veloped  CNS  disease,  whereas  the  reverse,  i.e.,  injection  of  virus,  followed 
immediately by exposure to CO~, invoked a  significant increase in CNS infec- 
tions. Furthermore, once virus had been cleared from the blood, inhalation of 
CO2  failed to increase the numbers  of mice showing CNS  symptoms. On the 
basis of these results, the screening of drugs for possible effects on virus penetra- 
tion into the CNS was carried out with drug and virus being injected into the 
circulation simultaneously. In order to find out whether  or not the effects of 
adrenalin and serotonln were reversible and if their actions were limited to the 
time during which virus was circulating in the blood, the experiments recorded 722  VASOACTIVE  AMINES  AND  C02  IN  VIRUS  INPECTMTY 
in Tables I  and II were carried out. The results show that,  only when given 
simultaneously  with  virus,  does  adrenalin  increase  the  infectivity  of  intra- 
venously inoculated poliovirus (Table I). That the effect is rapidly dissipated is 
shown by the fact that drug given 10 rain prior to virus fails to enhance infec- 
tivity. Moreover, administration of the drug from 10-60 min prior to virus inoc- 
ulation produces a modest sparing effect, perhaps indicating that homeostatic 
control mechanisms had been called into play. Apparently,  adrenalin  does not 
affect the spread of virus within the CNS, since giving the drug at 24 and 48 hr 
TABLE II 
Effect of Serotonin on the Susceptibility  of Mice to Intravenously  Inoculated  Type II Polio~irus 
as Influenced  by Time between Virus Inoculation  and  Serotonin  Injection 
Serotonin* 
injected 
Before virus, min 
3O 
10 
Simultaneously 
Mter virus, hr 
24 
48 
Controls (virus only) 
No. of 
mice 
21 
21 
21 
21 
21 
21 
Cumulative  No. of  paralyzed  mice 
at indicated  day pastinfection 
0  0 
0  1 
0  0 
0  0 
0  0 
4____5 
1  1 
1  2 
2  5 
0  0 
1  2 
1[, 
6  71 
5  7 
4  4 
8  9 
71 
1  +13  13 
i 
7  7i7  7 
5  6 
6  6  7 
41 
8 
Survivors 
14  No,  Per  cent 
14  67 
14  67 
7  33 
13  62 
15  71 
13  62 
* Groups of mice were inoculated with 1.7 mg of serotonin in a total volume of 0.25 ml 
of BSS at the stated intervals before and after virus inoculation. 
after virus, when large amounts of virus are replicating in the CNS (1), has no 
influence on the numbers of survivors. Similarly, serotonin increases the infec- 
tivity of intravenously injected poliovirus only when administered simultane- 
ously with virus (Table II). That this drug, as well as adrenalin, influences the 
rate at which virus enters the CNS from the blood stream is indicated  by a 
shortening of the incubation period. Here again, there is no influence on infec- 
tivity when the drug is given at 24 and 48 hr postinfection. The enhancing effect 
of serotonin had disappeared within 10 rain after its administration. 
The  virus-transfer  event  appears  to  offer  a  unique  opportunity  to  study 
permeability  relationships  between  the  blood-parenchymal  interface  in  the 
CNS. Because of the capacity of viruses to multiply, it is possible to monitor the 
penetration of relatively small numbers over a very short period of time. In the 
classical studies involving the use of dyes and various colloidal substances, it is MARGRET  I.  SELLERS  723 
usually necessary to administer  these markers  over relatively long periods  of 
time in order to demonstrate definitive and significant differences between test 
and control experiments. 
Comparative  Enhancing  Effects  of Different  Drugs  on  Virus  Infectivity.--A 
comparative study of the effect of different drugs on different viruses was made 
in order to find out if the resultant interactions involved any degree of specific- 
ity or selectivity. 
TABLE III 
A Comparison of the Effect of Different Drugs  on Susceptibility of Mice to Intravenously 
Inoculated Herpes Simplex Virus 
Drug 
Controls (virus only) 
COs* 
Adrenalin~ (5 #g) 
Serotonin:~ (1.7 mg) 
No. of 
mice 
1 
21  0 
21  0 
21  0 
21  0 
Cumulative No. of mice with CNS symptoms 
at indicated  day postinfection 
2  3 
0  o 
o  o 
0  o 
o  o 
4  5 
1  3 
0  2 
10  15 
1  7 
6  7 
7  10 
7  11 
21 
14  19 
8  9  10 
10  11 
11  12 
Survivors 
14  No.  Per  cent 
10  48 
9  43 
0  0 
2  10 
* After virus inoculation, trace were placed in an atmosphere of 30% CO~-70% 02 for 2.5 
min. 
Virus was diluted  in BSS containing  adrenalin  or serotonin;  each mouse received the 
specified amount of drug along with the same infecting dose of virus employed for the con- 
trols and for mice inhaling COs. 
Accordingly, mice were injected intravenously with a  standard dose of a  given virus plus 
adrenalin or serotonin. Another group of animals was placed in an atmosphere of 300-/0 CO2- 
70% O2 for 2.5 rain immediately after virus inoculation, and a  comparable group of animals 
served as controls. The results are recorded in Tables III through VI. 
As shown in Table III mice inoculated with 5  X  1@ PFU of herpes simplex 
virus plus adrenalin or serotonin show a  significant increase in numbers of ani- 
mals showing CNS symptoms and a concomitant decrease in numbers of survi- 
vors. On the other hand, there was no difference between the number of survi- 
vors among mice treated with CO~ and the controls; nor was there a  difference 
in the times of onset of encephalitis between these two groups. Both the HF and 
Maclntyre  strains  of herpes  simplex virus were  tested  at various doses with 
similar results. The same results were obtained in experiments in which an addi- 
tional herpesvirus, pseudorabies,  was tested.  Infectivity of a neurotropic strain 
of influenza virus, NWS,  showed the same pattern  of enhancement  (cf. Table 
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Data from an analogous  experiment performed  with  Type  II  poliovirus 
(5 ×  10  ~  PFU) and recorded in Table IV show that, while all three agents en- 
hance the infectivity  of the virus, COs is the most potent. An intermediate effect 
of COs can be seen in the results recorded in Table V in which vaccinia (2.5 X 
10  5  PFU) was the test virus. Although CO2 inhalation significantly enhances the 
rate at which CNS involvement occurs, with an accompanying decrease in the 
number of survivors,  adrenalin and serotonin  are both much more potent en- 
hancers of viral infectivity than is COs. 
TABLE IV 
A Comparison of the Effect ofDi~eren~ Drugs on Susceptibility of Mice to In~ravenously 
Inoculated Type II PolC.wvirus 
No. of 
Drug  mice 
Controls (virus only) 
CO2" 
Adrenalin~ (5 ~g) 
24 
24 
24 
1  2 
0  0 
I 
012 
0  0 
3  4 
1  3 
9  21 
2  9 
Cumulative No. of paralyzed mice 
at indicated day postinfection 
5  6 
4  6 
23  24 
11  15 
i 
7  8  9 
10  Ii  11 
I 
18  19  20 
Su1"vivog$ 
Per 
10  14  No.  [cent 
12  12  50 
0  0 
21  3  17 
Serotonin~  (1.7 rag)  24  0  0  1  8  12  13  15  18  6  33 
* After virus inoculation, mice were placed in an atmosphere of 30% CO~-70% O2 for 2.5 
min. 
:~ Virus was diluted in BSS containing adrenalin or serotonin; each mouse received the 
specified amount of drug along with the same infecting dose of virus employed for the con- 
trols and for mice inhaling CO2. 
An additional comparison among the enhancing effects of the three drugs on 
the infectivity of a fourth virus, (1 X  10 5 PFU) vesicular stomatitis was made. 
The data in Table VI show all three agents to be very effective enhancers of the 
infectivity of VSV, with adrenalin perhaps being the most potent, as indicated 
by the shortened incubation period of encephalitis. The effect of CO2 on the in- 
fectivity of VSV parallels that of its effect on poliovirus infectivity. To assure 
ourselves that  the very early paralysis observed in all animals which had re- 
ceived adrenalin along with the virus inoculum was caused by infection, the ex- 
perhnent was repeated with a  sufficient number of animals to provide mice not 
only for observation, but for infectivity titrations as well. 
At 12 and 36 hr postinfection,  six mice from each experimental group were anesthetized 
and perfused with saline as previously described  (1) to free the brain of possible circulating 
virus. Brains and spinal cords from each group were harvested separately and pooled  (two 
pools of each type of tissue from  three mice were prepared and fitrated per experimental ~AROILET I.  S~LL~RS  725 
group). A 10% homogenate was prepared from each pool and titrated  for virus infectivity 
in chick embryo cell cultures; the results were expressed as PFU per 0.02 g of brain or spinal 
cord. 
The data summarized in Fig.  1 show results similar to those obtained for 
poliovirus and CO~ inhalation (1). At the end of 12 hr, titers of approximately 
10 PFU/0.02  g  of tissue were found in CNS tissues from mice which had re- 
ceived virus plus adrenalin or serotonin. Comparable titers of samples from the 
controls and from mice inhaling COs were less than 10 PFU. At the 36 hr post- 
TABLE V 
A Comparison of the Effect of Different Drugs on Susceptibility of Mice to Intravenously 
Inoculated Neurotropic Vaccinia Virus 
Drag 
Controls (virus only) 
C02" 
Adrenalin~ (5 pg) 
Serotonin~ (1.7 mg) 
No. 
of 
mice 
21 
21 
21 
20 
3  4 
0  0 
0  1  3 
0  2  14 
0  1  18 
Cumulative No. of mice with CNS symptoms 
at indicated day postinlection 
5 
o 
6  7 
0  0 
3  3 
20  20 
19  19 
8  9 
0  0 
3  4 
20  20 
20 
IO  11 
0  1 
4  4 
20 20 
12  13 
2  2 
4  5 
20  20 
14 
2 
7 
20 
Survivors 
15  16  No.  Per  cent 
2  3  18  90 
8  9  12  57 
20  21  0  0 
o  o 
* After virus inoculation, nnce were placed in an atmosphere of 30% COt-70% O~ for 2.5 
rain. 
Virus was diluted in BSS containing adrenalin or serotonin; each mouse received the 
specified amount of drug along with the same infecting dose of virus employed for the controls 
and for mice inhaling CO2. 
infection period,  the control titers were still less than 10, but the tissue from 
mice treated with CO2 now showed titers of 10  ~ to 102 PFU/0.02  g  of tissue. 
Further, the mount of virus in the CNS of mice which had received virus plus 
adrenalin reached titers of 10  ~ to 10  e'5 PFU while titers of 108 to 104 PFU/0.02 
g tissue were found in tissue from animals inoculated with virus augmented with 
serotonin. Of interest for later discussion are the differences that were found in 
virus titers at 12 hr postinfection among the experimental groups of mice. Dif- 
ferences between titers found in brain and spinal cord tissues were not con- 
sidered to be significant. It was therefore concluded that the paralytic attack 
rate reflected the proliferation of virus in the CNS. Similar experiments carried 
out with herpes simplex and with vaccinia viruses showed analogous results; 
brains from the  experimental groups showing the greatest CNS  attack rates 
yielded the greatest amounts of virus. 
These results indicate  that  there is very little,  if any,  selectivity or speci- 726  VASOACTIVE AMINES AND CO2 IN VIRUS INFECTIVITY 
TABLE  VI 
A  Comparison of the Effect of Different Drugs on Susceptibility of Mice to Intravenously 
Inoculated  Vesicular  Stomatitis  Virus 
Drug 
Controls (virus only) 
COs* 
.~drenalin~ (5 p.g) 
Serotonin~ (1.7 rag) 
No. of 
mice 
24 
24 
24 
23 
1  2 
0  0 
0  4 
0  24 
0  2 
Cumulative No. of paralyzed mice 
at indicated day postlnfectlon 
3  4 
0  I 
5  16 
5  12 
3 
18 
20 
5  6 
20 
i 
2223 
8  9  10  14 
Survivors 
No.  Per 
cent 
18  75 
4  13 
0  0 
0i  0 
* After virus inoculation, mice were placed in an atmosphere of 30%  COt70%  02 for 
2.5 rain. 
Virus was diluted in BSS containing adrenalin or serotonin; each mouse received the 
specified amount of drug along with the same infecting dose of virus employed for the con- 
trols and for mice inhaling CO2. 
Control groups of 10 mice, inhaling the COrO2 mixture or injected with 5/~g of adrenalin 
or with 1.7 nag of serotonin in the absence of virus, all survived. 
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]FIG.  I. The effects of adrenalin, serotonin, and CO2 inhalation on the titers of vesicular 
stomatitis virus in mouse CNS  tissues during the first 36 hr after intravenous inoculation 
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ficity in the mechanism of action of adrenalin or serotonin on the transfer of 
virus from the circulation to the CNS. The viruses which they affect range from 
polio virus which is a small (28mg in diameter) RNA virus to vaccinia, a large 
(250  X  300mg) DNA virus. Both of these viruses replicate in the cytoplasm 
whereas herpes simplex replicates in the nucleus and VSV is assembled at the 
cell membrane (5). Herpes simplex and VSV are intermediate in size; the former 
is a DNA virus and has cubic symmetry while the latter is a bullet-shaped RNA 
virus (5). Obviously, the enhancing mechanism is not dependent on nucleic acid 
content, locus of replication, size, nor shape of the virus. A selective action of 
CO2 inhalation was demonstrated; however, this was not related to any of the 
above parameters, since on the one hand, COs enhanced the CNS infectivity of 
VSV,  vaccinia, and poliovirus, and on the other, herpesviruses and influenza 
virus were not affected. 
Signs and Symptoms of CNS Disease and the Pathology of Infected CNS Tis- 
sues.--The disease produced by both poliovirus and VSV was indistinguishable, 
the cardinal feature being a flaccid paralysis involving any one or all of the 
limbs. Mice infected with herpes simplex virus showed gross distortion of the 
spine and muscular spasticity; they developed severe tremors and often died in 
convulsion. Mice infected with vaccinia virus showed muscle weakness, spas- 
ticity, and gross distortion of the spine; they gradually developed a semicoma- 
tose state and died. When these animals survived for as long as 7 days postin- 
fection, characteristic pocks developed on the ears, the paws, and along the tail. 
To examine the topography of infection or at least the distribution of patho- 
logical lesions consequent to enhancement of viral infectivity, sagittal sections 
prepared from all levels of the brain and spinal cord and stained with routine 
histological stains were examined. There were no real differences in the distri- 
bution of lesions among animals subjected to COs inhalation or treated with 
adrenalin or serotonin and the control mice. Differences noted were related to 
length of illness and prominence of symptoms at the time the mice were autop- 
sled, but not to the regimen employed for virus administration. The random 
distribution of lesions negated any conclusion concerning the possible points of 
entry of virus in relation to the enhancing action of any one of the drugs tested. 
The pathological lesions varied from an intense inflammatory response with 
prominent neuronal destruction to the almost complete absence of evidence of 
infection. Sections of brain from mice developing flaccid paralysis on the 2rid 
day postinfection with poliovirus or VSV  were  often indistinguishable from 
similar sections prepared from noninfected animals. As encephalitis advanced, 
necrosis of nerve cells were sometimes seen at different levels of the spinal cord 
and an occasional glial reaction was noticed; perivascular cuffing was rarely ob- 
served. The most constant findings in mice infected with vaccinia virus were in- 
filtration of the meninges with mononuclear cells and involvement of the epen- 
dymal ceils; perivascular cuffing was frequently noted in these sections. In the 728  VASOACTIVE  AMINES AND  COs IN VIRUS INFECTMTY 
case of herpes simplex infection, a combination of all the above changes could be 
found with the intensity magnified several-fold. The inflammatory changes were 
intense with necrosis of many nerve cells and invasion of leukocytes into the 
zones of necrosis. The changes were often widespread showing a  continuity 
which was lacking in the other infectious. 
It is interesting to note that under the influence of COs, adrenalin, or sero- 
tonin, the incubation period for observable signs of CNS disease is roughly 2-3 
days following poliovirus and VSV infections; for vaccinia and herpes simplex 
infections, the incubation period is approximately 4-5 days (Tables III-VI). 
In the case of VSV and poliovirus, as indicated above, severe paralysis and even 
death occurs with very minimal or perhaps no signs of a disease process being 
found in the brain and spinal cord. On the other hand, changes in CNS tissues 
from herpes simplex infected mice are very widespread involving almost every 
cell type, while vaccinia characteristically causes a meningitis. The capacity of a 
given virus to cause a rapid dysfunction in the absence of an accompanying dis- 
integration of the CNS, while another virus characteristically produces massive 
disintegration accompanied by a  comparatively slow decline in function, are 
phenomena which continue to be of great interest,  but about which we are 
totally ignorant. 
Although this investigation is limited to the study of viral penetration into 
the CNS, accumulation in other tissues could have been altered by the action of 
these compounds, as well. Our results have been expressed in terms of signs and 
symptoms referable to CNS involvement and based on the titration of virus 
from perfused CNS tissues. Histological examination of sections of organs other 
than brain from mice infected by the intravenous route with herpes simplex 
virus showed areas of inflammation and necrosis in the spleen and liver and 
particularly in the lungs. Following inoculation of vaccinia virus, areas of focal 
necrosis were encountered in the lungs, and as pointed out above, pocks were 
observed on the exposed parts of the skin. Lesions suggestive of infection were 
not found in the viscera of mice inoculated with VSV or poliovirus. It is possible 
that infection of other organs could have resulted from the spread of virus from 
the CNS via the blood or it may have been seeded from the initial inoculum. 
These questions must await a  carefully executed time course study in which 
virus  titrations  are  carried  out.  It  is  of  considerable  interest to  determine 
whether the enhancing mechanisms facilitate penetration of viruses into tissues 
other than the CNS. However, the time course in pock evolution on the skin of 
mice infected with vaccinia virus indicates that the time of appearance and 
severity of the lesions in these areas are not enhanced by the action of the vaso- 
active compounds. 
E~ect of Enhancing  Drugs on Viral Adsorption  to Susceptible Tissue Culture 
Cells.--It was conceivable that the apparent selectivity of the enhancing agents 
might be explained on the basis of their interaction at the level of virus adsorp- 
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different sites might be selectively modified by the drugs. To investigate this 
possibility, the influence of the different drugs on virus adsorption in vitro was 
examined. 
Each virus was diluted to give an approximate titer of 108.6 PFU/0.25 ml of BSS or of 
BSS containing the routine concentration of adrenalin or serotonin. Replicate samples of 
diluted virus were added to monolayers of susceptible cells and then allowed to adsorb at 
37°C for 60 rain. Attempts to gas a  comparable set of samples with 30% CO9. resulted in a 
significant lowering of pH and loss of cells from the glass surface of the culture bottles. Conse- 
quently 7% COs (a concentration previously shown to have enhancing activity [1]) was em- 
ployed for this segment of the experiment. At the end of the adsorption period, excess virus 
was withdrawn and the monolayers overlayed with agar. The assays were usually complete 
TABLE  VII 
The Effect of Enhancing Drugs on Virus Adsorption in Cell Cultures 
Virus 
VSV (Chick fibroblasts) 
Poliovirus (HeLa cells) 
Herpes simplex (HeLa 
cells) 
BSS only 
(PFU/O.M rat) 
2.9  X  10  s 
4.1  X  10  s 
8.0  X  10  a 
Infectivity 
Adsorption  medium 
BSS plus 
adrenalin 
(PFU/Od5 rot) 
3.6  X  10  s 
3.9  X  10  s 
8.1  X  10  8 
BSS plus 
serotonin 
(PFU/o.gs mO 
2.5  X  10  s 
3.6X  10  ~ 
10.0  X  10  s 
BSS and C02 
(PFU/O.2J rot) 
2.6  X  103 
3.6  X  10  s 
7.9  X  10  s 
at the end of 4 days incubation at 37°C.  The results were expressed as PFU/0.25 ml of virus 
inoculum  and  each value represents the average from  a  total of four bottles per dilution 
sample. 
Data from three representative experiments recorded in Table VII show that 
neither addition of serotonin nor adrenalin to the adsorption medium had an 
enchancing effect on the assay titer of any of the viruses tested, and the same 
result was obtained in the samples placed in an atmosphere of CO2 during the 
adsorption period. The number of plaques formed in the test samples were com- 
parable to the titers recorded for the controls. It was observed, however, that 
adrenalin appeared to exert a stimulatory effect on the growth of chick fibro- 
blast cultures. These cells,  in the set of cultures which had been exposed to 
adrenalin during the virus adsorption period,  grew more rapidly and luxuri- 
antly, resulting in  the formation of smaller plaques. Nevertheless,  the final 
assay titer of these cultures was not significantly higher than the titers of the 
controls. Adrenalin did not exert the same stimulatory effect on the growth of 
HeLa cell cultures. 
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Inoculated  Virus Infectidty.--Data  showing that CO2 inhalation does not en- 
hance the infectivity of intracerebrally administered poliovims have been pre- 
sented (1). In Tables I and II of this paper indirect evidence has been presented 
which indicates  that  adrenalin  and serotonin are also without effect on virus 
infectivity once it reaches the CNS. In the latter experiments the drugs were 
given by the intravenous route, consequently it is doubtful if they penetrated 
into the CNS in significant quantities  (6, 7). In order to obtain more precise 
data on this point, experiments were carried out in which serotonin and adrena- 
lin were injected simultaneously with virus directly into the brain. 
Stock virus which had been fitrated  by the intracerebral route was diluted in BSS and 
BSS containing adrenalin  (2 #g/dose)  or serotonin (0.5 mg/dose). An LDS0 dose of virus 
(2.5 X  l02 PFU of poliovirus; 5 X  102 PFU of herpes simplex virus; and 2.5 X  102 PFU of 
vacduia virus) or of virus plus drug was inoculated (0.05 ml volume) via the intracerebral 
route in some experiments, and in additional experiments, twice this virus dose in the same 
volume was given. The animals were observed for 21 days, at which time the experiment was 
terminated. 
The data in Table VIII were recorded from experiments in which one I.Ds0 
dose of poliovirus and of herpes simplex virus were used and twice this dose was 
administered in the case of vaccinia virus. It is evident that the infectivity of 
none of these viruses is enhanced by the drugs, irrespective of the dose of infec- 
ting virus inoculated.  It was concluded  that  the  enhancing  activity of both 
adrenalin  and serotonin on infectivity, as that of COs inhalation  (1), was not 
exerted on virus within the CNS. 
Evidence that drug action promotes transfer of virus directly into the CNS is 
indicated by a comparison between the incubation periods of encephalitis after 
inoculation of a given virus by the intracerebral and intravenous routes. In no 
case was the incubation period longer in the latter group of mice; as a matter of 
fact, these mice showed signs of CNS involvement somewhat sooner than com- 
parable animals in which the same virus had been inoculated directly into the 
brain (Tables III, IV, V, and VIII). Signs and symptoms of CNS disease were 
indistinguishable  after inoculation of a  given virus by the intravenous and in- 
tracerebral routes. 
Impedance to the entry of viruses into the CNS from the circulation is illus- 
trated by the differences in infectivity between virus inoculated by the intra- 
cerebral and intravenous routes. From 250-700 PFU are required to produce a 
CNS infection in a comparable number of mice when virus is injected intraven- 
ously.  For  example,  the  intracerebral  LI)50 dose  of herpes  simplex virus  was 
approximately 500 PFU and the intravenous LI)50 dose,  50,000 PFU;  compa- 
rable doses of vaccinia were 250 and 250,000 PFU. 
The Provoking Effect of Swimming on Type II Poliovirus  Viremia in Mice.-- 
In a previous communication we postulated that the provoking effect of strenu- 
ous exercise and trauma on the genesis of paralysis in poliovirus infection could MARGRET  I.  SELLERS  731 
be mediated through regional production of C02 resulting from metabolic ac- 
tivity of neurons segmental to the muscle groups being traumatized or exercised 
(1). In attempts to demonstrate the provoking effect of exercise on mice, the 
TABLE VIII 
The Effect  of Adrenalin  and Serotonin  on the Infectivity of Intracerebrally  Inoculated  Virus 
Inoculum medium*  m•cfe 
"  Cumulative No. of  mice with CNS symptoms 
No.  at  indicated  day postinfection 
,  I, 16 I, 18 j  9  1101111, 1,311,ji,11, 
Survivorst 
No  Per 
•  cent 
Polio~iru~ 
BSS 
BSS plus serotonin 
BSS plus adrenalin 
21 
21 
20 
0  0 
0  0 
0  0 
1  1 
0  0 
1  3 
1  2 
2  2 
3  3 
4  4 
2  5 
3  5 
9  9 
5  6 
5  6 
9  9 
6  8 
6  7 
li10 
10 
11 
48 
48 
55 
Herpes simplex ~iru* 
BSS 
BSS plus serotonin 
BSS plus adrenalin 
21 
20 
21 
2  2 
0  1 
1  3 
3  3 
4  5 
5  5 
4  5 
7  8 
6  8 
6  7 
9  9 119 
10 
11  52 
12  60 
11  52 
Vaccinia ~irus 
BSS 
BSS plus  serotonin 
BSS plus adrenalin 
21 
20 
21 
0  0 
0  0 
0  1 
0  16  20  21 
1 
1  5 
0  0 
0  0 
* Virus was diluted in BSS or in BSS containing adrenalin (2 #g/dose) or serotonin (0.5 
rag/dose) and inoculated (0.05 ml volume)  by the intracerebral route. 
No. of mice living at the end of the 21 day observation period. 
animals were injected intravenously with poliovirus and then forced to swim for 
30 min  in tepid water.  The particular experiment recorded in Table IX  was 
carried out at the suggestion of Dr. David Bodian. When the infecting dose of 
virus was adjusted so that over half of the animals became paralyzed and died, 
complete failure to demonstrate a  provoking effect of swimming obtained. On 
the other hand, when a  minimal dose of virus was employed (only one-fifth of 
the controls became paralyzed and died), the provoking effect of strenuous ex- 
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alytic attack rate in this group of mice. Nathanson and Bodian have presented 
experimental evidence in support of their previous speculation "that the pro- 
yoking effect is quantitatively more important under conditions where minimal 
viremia and low attack rates prevail" (8). Thus, the result of our experiment 
was  substantially that predicted by Bodian. These results suggest that  COs 
inhalation augments a "natural" route by which poliovirus gains entry into the 
CNS and that if sufficient levels of virus are circulating in the blood to saturate 
this mechanism, then additional virus is superfluous. 
Tke Influence of Age on tke Response to COs Inkalation.--In  studying the cel- 
lular basis for the development of resistance with age to infection by herpes 
TABLE IX 
The Effect of Exercise by Swimming  on the Infeclirity  of Intravenously Injected  Type II 
Polio~irus in Mice as Influenced by Virus Dose 
Procedure 
Virus only 
Virus,  swimming* 
Virus only 
Virus,  swimming 
No. of 
mice 
3  4 
30  1  6 
30  1  7 
26  0  0 
26  0  2 
Cumulative No. of paralyzed mice 
at indicated day postinfection 
6 
11 
11 
2 
7 
7  8 
14  17 
15  16 
3  4 
8  8 
9  10 
16  17 
4  4 
9  10 
11 
5 
11 
Survivors 
12  14  No.  Per  cent 
1 
13  43 
13  4,3 
21  80  i 
]  15  58 
* Immediately after virus inoculation mice were placed in a tepid water bath and forced 
to swim for 30 min. 
simplex virus, Johnson (9, 10) concluded that an alteration in the macrophage of 
the maturing mouse played an important role in resistance to herpes encepha- 
lifts. Although the macrophages obtained from the peritoneal cavity of adult 
mice could by infected, the infection was confined to the initially involved cells 
and failed to spread to contiguous cells; this wasin contrast to infection of mac- 
rophages from suckling mice in which  infection spread  through the  culture. 
Hematogenous spread of virus to the CNS of sudding mice after intraperitoneal 
inoculation occurred, whereas in adult mice, a similar spread of virus did not 
occur. These results prompted us to investigate the possibility that age might 
play a role in the animals' response to CO2 inhalation, and we did, indeed, find 
that inhalation of the gas had a significant enhancing effect on the infectivity of 
not only herpes simplex in 3-4 week old animals but on pseudorabies virus and 
on neurotropic influenza virus, as well. A  representative experiment with in- 
fluenza virus is shown in Table X. A comparison between the enhancing effect 
of adrenalin and serotonin on virus infectivity in the 4 wk and 6 wk age groups 
of mice was included in the experiment. Because of the greater susceptibility of MARGRET I.  SELLERS  733 
the 4 wk old mice, it was necessary to carefully titrate the virus in order to find 
a dose which could be given to both groups at the same time, and not produce an 
overwhelming infection of the control 4 wk old animals, since the latter results 
obscured demonstration of enhancement. Enhancement by adrenalin and sero- 
tonin is exerted on both the 4 wk and 6 wk old mice, whereas COs inhalation in- 
creases infection among the 4 wk old mice only. For purposes of completeness, 
TABLE  X 
The Influence of Age on Drug Enhancement of CNS Infeai~qty of Intravenously Inoculated 
NWS Influenza  Virus 
Age 
4 
6 
~C 
¢¢ 
1  No. 
Drug  of 
mice 
Cumulative No. of 
mice with CNS symptoms 
at indicated  day posti~ection 
Survivors 
3  4  $  6  7  8  9  10  14  No.  Per  cent 
Controls (virus only)  23  0  0  4  7  8  8  8  9  14  61 
C02"  23  0  0[  6  14  16  17  19  4  18 
i 
Adrenalin~ (5/~g)  22  0  1  17  22  0 
Serotonin~ (1.7rag)  23  0  4  6  17  22  23  0 
Controls (virus only)  21  0  0  0  2  19  90 
COs  21  0  1  20  95 
Adrenalin  21  0  1  1  5  7  8  13  62 
Serotonin  21  0  1  2  5  6  6  7  14  67 
Pseudorables ~irus 
16  4 
6 
~t 
Controls  (virus  only) 
C02 
Controls (virus only) 
COs 
21  0 
21  4 
21  1 
21  0 
13  15  15 
16  20  21 
6  8  12 
4  8  12 
13 
24 
38 
43 
* Following virus inoculation,  mice were placed  in an atmosphere  of 30%  COrT0% 
Os for 2.5 rain. 
Virus was diluted in BSS containing adrenalin or serotonin; each mouse received the 
specified amount of drug with the same infecting dose of virus employed for the controls 
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additional data showing the influence of age on the enhancing effect of CO2 in- 
halation on pseudorabies virus infection have been included in Table X. The re- 
lationship of age to virus susceptibility is a well-known fundamentally  import- 
ant phenomenon, and in this connection, the finding that maturation results in 
a change in the modulation of CO2 inhalation on infectivity is of considerable 
interest. 
Reversal of Adrenalin, Noradrenalin, or Serotonin Enhancement by Adrenergic 
Blocking Agents.--The finding that adrenalin and serotonin failed to influence 
virus adsorption to susceptible cells in vitro and the fact that they were nonse- 
lective  in their action suggested that some indirect mechanism of action was 
mediating enhancement. Furthermore,  the failure  of  drugs  to  influence in- 
fectivity of virus inoculated directly into the brain raised the possibility  that 
enhancement occurred at the level of virus penetration into the CNS from the 
circulation as a result of hemodynamic changes consequent to the drug action. 
Considerable confusion exists in the literature concerning hemodynalnic  shifts 
in the circulation following the administration of adrenalin and noradrenalin. 
Experiments in lower animals have been consistent with regard to these effects 
on cerebral vessels. It is generally accepted  that intravenous injection of high 
concentrations of adrenalin or noradrenalin can cause marked vasoconstriction 
of the peripheral  blood vessels accompanied by a marked rise in arterial blood 
pressure,  with a consequent  increase in cerebral  blood flow (11). Underlying 
mechanisms of the direct pharmacological effects of these compounds on hemo- 
dynamic shifts in the circulation are determined by the interaction of drug with 
either of two types of adrenergic receptors on effector cells of smooth muscle in 
the vessel wall. These receptors have been classified as "alpha" and "beta" on 
the basis  of their responses to a variety of sympathomimetic amines and to 
adrenergic blocking agents. In general, the reaction of a-receptors is excitation, 
resulting in contraction, and the reaction of B-receptors is inhibitory, resulting 
in vasodilation (12). Direct vasoconstriction is the classical effect of serotonin 
and its intravenous administration provokes powerful pressor  responses. The 
action of serotonin on vascular smooth muscle cells can be modified also by a 
and t-blocking agents (13). 
Classical a and fi-adrenergic blocking agents were employed in investigations 
designed to find out if possible hemodynamic changes leading to enchancement 
could be related to either a- or B-type receptor interaction in the blood vessels 
(Table XI).  When  the  a-blocker,  Regifine,  was  injected  intraperitoneally 
5 rain prior to intravenous injection of virus plus adrenalin,  noradrenalin, or 
serotonin,  the enhancing action of any one of these compounds was completely 
inhibited. In comparable groups of mice in which the activity of the B-blocker, 
Inderal, was  tested, the enhancing  effect of adrenalin and noradrenalin was 
augmented somewhat.  Paralysis occurred  1 day earlier in these  mice than in 
comparable  groups  receiving the catacholamines  only. Apparently the action MARGRET  I.  SELLERS  735 
of the E-blocker completely prevented the vasodilating component of the drug 
interaction  and  thus  allowed the  vasoeonstricfive response  to become totally 
dominant. 
After the administration of adrenalin, when enough drug has been eliminated 
TABLE XI 
Reversal of Adrenalin, Noradrenaline, or Serotonin Enhancement of Vesicular Stomatitis Virus 
Infectivity by Adrenergic Blocking Agents 
Cumulative number of paralyzed mice at  Survivors 
indicated day postinfecfion 
Drug  No. of 
mice 
1  2  3  4  5  6  7  8  9  10  14  No.  Per  cent 
Virus only  21  0  0  0  1  1  2 
~-Blocker,* virus  21  0  0  0  1 
~-Blocker,~ virus  20  0  0  0  1  1  2 
girus and noradrenaline  21  0  0  6  16  17  19 
~-Blocker, virus and  21  0  16  20  21 
noradrenaline 
~-Blocker,  virus and  21  0  0  0  0  2 
noradrenaline 
Virus and adrenalin  19  0  0  10  18 
~-Blocker, virus and  20  0  10  18  19 
adrenalin 
~-Blocker,  virus and  21  0  0  0  0  1 
adrenalin 
Virus only  14  0  0  0  1  1  4  6 
Virus and serotonin  14  0  2  9  12  14 
3-Blocker,  virus and  14§ 
serotonin 
x-Blocker, virus and  14  0  0  0  0  1  3  6  6 
serotonin 
19  90 
20  95 
19  95 
2  10 
0  0 
19  90 
1  5 
1  5 
20  95 
8  57 
0  0 
7  7  50 
* Inderal or ~ Regitine (1 rag) was injected intraperitoneally 5 min prior to intravenous 
injection of virus and  a  standard  dose of adrenalin or noradrenalin. 
§ Died within  15  rain postvirus serotonin injection. 736  VASOACTIVE  AMINES  AND  CO2  IN  VIRUS  INFECTIVITY 
to end its effect on the less sensitive but predominant a-receptors,  the effect on 
B-receptors persists for a time, thus accounting for the secondary hypotension 
in a diphasic pressor response. When virus injection is delayed from 10-60 rain 
after the adrenalin injection, a modest sparing effect of the drug is demonstrated 
(Table I); this may result from the persistant ~-receptor activity. Of considera- 
ble interest in this connection  are the experiments  of Jensen and Rasmussen 
(14) in which they showed a diphasic susceptibility response to VSV infection in 
mice which had been subjected to avoidance-learning stress. It may be that the 
animals' response to stress and the consequent susceptibility to VSV infection 
may have been mediated in part by the action of adrenalin. 
The combination of Inderal and serotonin caused death within 1-15 min after 
injection of the latter.  The mice  experienced  extreme  medullary depression 
possibly resulting from ischemia. They lost all muscle tone, were unresponsive 
to any type of physical stimulus, and at autopsy the organs, including the lungs, 
appeared completely normal. Histological sections of brain showed a decrease 
in diameter of some thick-walled blood vessels and engorgement of other, thin- 
walled vessels in the meningeal vascular bed. Evidence of hemorrhage was not 
found. 
Adrenalin and its congeners on the one hand, and serotonin on the other, rep- 
resent chemically,  pharmacologically  and physiologically quite different com- 
pounds; the finding  that a  single a-blocking agent completely inhibited the 
enchancing action of both types of compounds is interpreted as evidence that 
their enhancing action is mediated by the same  contractile mechanism  in the 
vessel wall. It should be appreciated  however that the combining  site on the 
effector cell in the smooth muscle is specific for each drug tested; these interac- 
tions which are susceptible to blockade by a  and/3-blocking  agents, initiate a 
series of chemical and physical  events which ultimately end in either a  con- 
tractfle or dilator event with a consequent  change in the hemodynamics of the 
circulation.  Since the blocking agents interfere with the cell receptor-drug in- 
teraction, they are without effect by themselves (12), and as the results in Table 
XI show, neither drug alone modified virus infectivity. 
Several biochemical mechanisms have been proposed to account for the ac- 
tions of catecholamines and of serotonin on the contractile and on the dilator re- 
sponse of smooth muscle cells. Available  evidence indicates that the smooth 
muscle-relaxing  effects  are  related to the  adenyl  cyclase  system (15). The 
compounds interact with the/~-receptors  on the effector cells to stimulate the 
formation  of cyclic 3', 5'-AMP which functions within the cell to modify enzyme 
activity  and permeability  barriers. Although evidence has been presented to sug- 
gest that smooth muscle contraction in response to catecholamines may also be 
mediated by cyclic AMP (16), other evidence suggests that this activity, which 
is controlled  by the a-receptors may be part of an ATPase system (15, 17). 
Cyclic AMP (Sigma Chemical Co., St. Louis, Mo.) in concentrations  as high as MARGRET  I.  SELLERS  737 
1.5 mg/dose and injected at various times before, as well as simultaneously with 
virus, failed to mimic the effects of catecholamines on viral infectivity (data 
were not reported). Since m~.ny tissues are not appreciably penetrated by this 
compound (16), it is impossible on the basis of this result to disprove a  role for 
cyclic AMP in the enhancement of virus infectivity. Perhaps the findings that 
acetylcholine failed to modify the enhancing effect of adrenMin  and that Iso- 
suprel  (isoproterenol  hydrochloride),  (Winthrop  Laboratories,  New  York), 
was inactive (data were not reported) can be interpreted as evidence that cyclic 
TABLE XII 
E~ea of Gradient FloTz on the Enhancemen~ of Pdio~irus lnfeai~i~y 
Procedure* 
Virus in 0.25 ml vol 
"  "  0.5  "  " 
Virus in  0.25  ml vol  and COs 
Virus in  0.5  ml vol  and COs 
Virus in  0.25  mi vol  plus  adrenalin 
Virus in  0.5  ml vol  plus  adrenalin 
Virus in 0.25 ml vol plus serotonin 
Virus in 0.5 ml vol plus serotonin 
No. of mice 
20 
20 
24 
24 
21 
20 
21 
20 
Survivors 
No.  Per cent 
16  80 
15  75 
4  17 
5  21 
6  29 
1  5 
8  38 
3  15 
* The mice were injected intravenously with a constant dose of poliovirus contained in 
0.25 mi and in 0.5 ml volumes. One group of anlmsls was placed in an atmosphere of 30% 
COs for 2.5 rain after virus inoculation; one group was inoculated with virus augmented 
with 5/Jg of adrenalin and another group was inoculated with virus augmented with 1.7 mg 
of serotonin. 
AMP  is not involved in  the infectivity enhancing  mechanism. Murad  et  al. 
showed that  acetylchcline noncompetitively inhibited catecholamlne stimula- 
tion  of  heart  adenyl  cyclase  and  isoproterenol  stimulated  formation  of  the 
enzyme (18). 
We find the idea to be very intriguing that the contractile action in response 
to catecholamines and serotonin which enhances the transfer of virus from blood 
to brain may be mediated through the activation of an ATPase system. Bellean 
(17) points out that muscle contraction, glycogenolysis, and calcium transport 
are linked. He proposes the active surface of transport ATPase in the cell mem- 
brane acts as the a-receptor and when activated by catacholamine, releases in- 
tracellular calcium, which in turn couples muscle contraction with glycogeno- 
lysis. The presence of ATPase in the vascular endothelial cells and in addition, 
the high concentration of the enzyme in the basement membrane of vessels in 738  VASOACTIVE  AMINES  AND  COs  IN  VIRUS  INFECTIVITY 
the brain, together with the abundance of glycogen granules in the astrocytes 
which are impinged upon these vessels (19, 20), would provide a ready source of 
the activating substrates. Because of the ease with which the response can be 
measured it is suggested that the virus-transfer event offers distinct advantages 
for in vitro testing of these concepts. 
The Effect of Gradient  Flow on Enhancement of Virus Infectivity.--Theoreti- 
cally, if an increase in intraluminal pressure consequent to the vasoaction of 
adrenalin and related compounds plays a role in enhancement, then an increase 
in blood volume or rate of flow should axtd to the enhancing effect. The experi- 
ment summarized in Table XII shows that this result does obtain and that in- 
creasing the injection volume to 0.5 ml, which is sufficient to produce consider- 
able intraluminal pressure in a 25 g mouse, increases the enhancing effect of both 
adrenalin and serotonin. In contrast, CO2 inhalation invokes the same degree of 
enhancement, regardless whether the dose of virus is injected in 0.25 ml volume, 
as routinely employed, or in 0.5  ml volume. An  additive  effect of increased 
volume on the enhancing effect of noradrenalin and histamine was also found 
(data were omitted). 
DISCUSSION 
In general, basal intrinsic tone of the cerebral vessels is maintained by their 
interactions with CO2, causing vasodilatation,  and with O~, resulting in vaso- 
constriction. 
According  to Schmidt, CO~ is the most important regulator of the cerebral circula- 
tion, serving to maintain an optimal local circulation to meet local metabolic needs 
(21). It is possible that significant  changes in local vascular tonus of these vessels can 
result from the direct effects of other vasoactive substances, particularly those which 
we are investigating; however,  the possible  relationship of such interactions to the 
maintenance of cerebral vascular tone remains largely unstudied  (21). In the normal 
animal, any disturbance in the circulation is promptly brought under control by the 
various homeostatic mechanisms of the body which serve to regulate the circulation, 
including  neurogenic  and  myogenic control  mechanisms.  Although  the  immediate 
rise in systemic blood pressure may be followed by a passive increase in cerebral blood 
flow, the increase  in intraluminal pressure of the latter serves to stimulate vasocon- 
striction,  effectively keeping  the  cerebral  circulation  largely  unchanged  (22).  In 
addition,  vasoactive amines  are  very quickly  inactivated  by appropriate  enzyme 
systems and therefore exert only brief effects. Nevertheless, it is generally accepted 
that immediately after the injection  of any one of these circulatory stimulants, the 
pressor effect overcomes the cerebral arterial constriction,  producing passive dilatation. 
Large doses of adrenalin or noradrenalin initiate an immediate but transient (perhaps 
2-3 rain duration) pressor response.  Under these conditions,  the cerebral blood flow is 
bolstered  by increased  cardiac output  of greater or lesser  magnitude and  by the 
vasoconstriction which predominates ~  the other vascular circuits.  It is possible that 
even during a transient increase in cerebral blood flow, the inflow of viruses into the MARGRET  I.  SELLERS  739 
CNS is sufficient to increase the probability of a viral particle finding  its way into 
the brain. Thus, under these circumstances enhancement would be, in effect, a dosage 
response. 
Previously, we postulated that the increase in virus infectivity invoked by 
CO2 inhalation reflected a dosage response (1). Since the animals' response to 
CO2 inhalation in modified by age and its effect shows a  selective action on 
virus species, neither of which influences enhancement by the other vasoactive 
drugs, factors in addition to or other than increased blood flow and cerebral 
vasodilation must play a role in the enhancing mechanisms. 
The additive effect of an increase in blood volume on enhancement is also 
difficult to reconcile with  the view that  enhancement is simply a  matter  of 
increased cerebral blood flow and vasodilation. If this were the case, then en- 
hancement resulting  from CO2  inhalation  should  also  be  augmented  by in- 
creasing the injection volume, but this does not occur. A second interpretation 
is possible: that  the increase in volume in response to the vasoactive amine 
augments the outflow of virus from blood to brain under conditions of cerebral 
vasoconstriction, an effect which  will be discussed  subsequently,  along with 
its possible role in enhancement. 
Although for the time being we do not have experimental evidence which 
would permit discrimination between the effect of catecholamines and serotonin 
and the effect of CO,, we can advance some theories which are amenable to 
experimentation. 
The local effect of CO2 on the cerebral vasculature has been experimentally estab- 
lished (11, 21), and there is no doubt that after inhalation of increasing concentrations 
of the gas there is a greatly increased  cerebral blood flow and significant  cerebral 
vasodilation.  Using herpes virus as a  model we will attempt to propose a  feasible 
explanation for the  selective effect of CO2 inhalation on viral infectivity. Johnson 
found that in  suckling  mice,  intraperitoneal injection of herpes simplex regularly 
produced encephalitis  by the hematogenous  spread of virus to the brain, whereas in 
adult mice, hematogenous  spread of virus to the CNS did not occur. In the immature 
animal,  the first demonstrable  loci of infection in the CNS were found around small 
cerebral vessels (9, 10). These findings suggest a mechanism  of action for CO2 which 
would explain its failure to enhance herpes infectivity in 6 wk old mice. 
If we assume that the initial loci of infection, resulting from the hematogenous 
spread of herpes to the CNS, develop in some specific cell in the cerebral blood 
vessels and that virus reaches the brain by direct extension of the infectious 
process, then by analogy with the resistance acquired by the maturing macro- 
phage which Johnson showed developed with age, we can postulate that the 
initial target cell in the CNS, through the maturing process, loses the capacity 
to actively support proliferation and spread of virus. The pericytes in the small 
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derived from mesoderm and may therefore be  analogous  to  the peritoneal 
macrophage (23). However,  in chick  embryos infected with herpes  simplex, 
characteristic inclusions have been described in endothelial cells of the cerebral 
vessels (24) which suggest that they may be a more likely candidate for the 
initial focus  of infection from which  direct  extension  to brain  parenchyma 
occurs. Increased cerebral blood flow could increase the virus inflow passively, 
exposing  the  endothelial  cells lining  the vessels  to more virus  and thereby 
enhancing  infectivity on a purely statistical basis.  An additional factor may 
be that CO2, by a direct action, promotes selective binding of virus particles to 
the endothelial cells. This result may come about in spite of the fact that we 
found no enhancement by COs on virus adsorption to susceptible cells in vitro. 
In the young animal, according to this point of view, endothelial  cells would 
replicate virus and promote its spread into the brain, whereas in the older mice, 
entry of virus into these cells would represent a dead-end infection;  thus, the 
endothelial cell would be defined as "permissive" in the suckling mouse and as 
"nonpermissive"  in the adult animal. Moreover, the same result would obtain 
for all viruses which are similarly enhanced by COs inhalation; in support of 
this viewpoint is the finding by Hook et al. (25) that in the chick embryo after 
inoculation of influenza virus into the circulation,  virus antigen developed in 
the vascular endothelial  cells before it appeared in the parenchymal ceils of 
organs, including the brain.  In contrast, we postulate that growth and spread 
of viruses such as poliovirus, for which infectivity is greatly enhanced by CO~ 
inhalation, would proceed at the same rate in the two age groups if factors in- 
fluenced by maturation of the cells were without effect on permissiveness  or 
the growth and spread  of these viruses.  Thus, we can envision  a  reasonable 
mechanism to explain  how CO2 inhalation exerts  its selective  action on en- 
hancement and how this selectivity emerges with maturation. To provide a 
paradigm to help in the identification of the postulated permissive target cell 
in the CNS, preliminary experiments are underway in which mouse macrophage 
cell cultures infected with herpes simplex and with WSN influenza viruses are 
being  studied.  Ceils  which  stain  by fluorescent  antibody, as  described  by 
Johnson (10), are being examined  at the level of the electron microscope.  If 
definitive  differences between  the development and structure of virus in the 
permissive or young macrophage  and the mature or nonpermissive cell can be 
demonstrated, the information will provide us with "markers" in our search 
for the analogous cells in the CNS.  ~ 
Reynolds et al. (26) found that staphylococci, streptococci,  and Escherichla 
coli injected intravenously into mice  readily entered and multiplied in the 
brain, but that inhalation of COs failed to enhance infectivity. On the other 
hand, these investigators were able to confirm our results (1) in which inhalation 
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of the gas increased the entry of carbon particles into the CNS from the circula- 
tion. We had found also that the entry of fluorescein could be accelerated by CO~ 
inhalation (1). In attempting to reconcile these results with the postulate that 
CO~ inhalation augments the entry of virus into the CNS vascular endothelial 
cell, we suggest it is doubtful that an intracellular growth phase with direct 
extension of the infection into the brain would play a role in the pathogenesis 
of the bacterial CNS infections which were examined. On the other hand, it is 
quite  conceivable  that  carbon  and fluorescein  are  transported  to  the  CNS 
across  the endothelial  cells by way of membrane-bound vesicles or vacuoles 
(27). 
Perhaps the data recorded in Fig. I support the concept that CO9 acts at the 
level of the endothelial  cell. When VSV was inoculated simultaneously with 
adrenalin or serotonin and the rate at which it appeared in the CNS was com- 
pared to the rate of entry of virus after CO2 inhalation, a lag in virus appearance 
was noted among the latter group of animals. At 12 hr postinfection,  the virus 
titer after CO~ inhalation was less than I0 PFU/0.02 g of tissue, whereas it had 
reached  this titer in the other experimental  groups;  at the 36 hr period  the 
difference was magnified still further. One interpretation of these results is that 
adrenalin and serotonin acted to deliver virus directly into the CNS, where it 
proliferates rapidly, while the action of CO2 involved some delay. 
There is a considerable body of evidence which indicates that the effect of 
vasoactive compounds on the cerebral circulation may be something more than 
a "passive" phenomenon consequent to an increase in systemic blood pressure. 
It  has  been  found  that  the  intravenous administration of  adrenalin,  nor- 
adrenalin, or serotonin causes vasoconstriction of the pial and meningeal vessels. 
Through a window placed in the skull over the cortex of monkeys and of cats, 
Meyer et al. (28) were able to observe a transient and possibly direct pharma- 
cologic effect of intravenously administered adrenalin on the smooth muscle 
walls of the pial vessels, causing vasoconstriction  and decreased cerebral blood 
flow. Because of the rich arteriolar anastomoses of the pia, diffuse dissemina- 
tion of  these  changes  occurred  throughout the pial  and meningeal  vascular 
bed.  Intravenous noradrenalin produced  marked  vasoconstriction  and  sig- 
nificant decrease in blood flow in the cerebral vessels of man (29), and serotonin, 
applied locally, caused constriction of the pial vessels in rats (30). 
If we accept the possibility  that a direct response to vasoactive amines by 
cerebral  vessels contributes to the net effect exerted  upon virus transfer, we 
are confronted with a situation in which two opposing mechanisms are acting 
upon the cerebral vasculature to cause increased penetration of virus into the 
CNS. One is an indirect effect resulting from increased cerebral blood flow and 
vasodilation consequent to the vasopressor response in the peripheral  vascular 
beds, and the other is a direct and opposing effect resulting from a constrictor 
response of cerebral vessels, perhaps localized to the pial vascular bed. We have 742  VASOACTIVE  AMINES  AND  CO2  IN  VIRUS  INFECTIVITY 
already proposed that the first mechanism acts by increasing the amount of 
virus passing through the CNS, and we will attempt to postulate how, at the 
same time, a vasoconstrictor response by the pial vessels might play a role in 
the virus-transfer event. 
Reese  and  Karnovsky  (31)  have  localized  the  anatomical  "blood-brain 
barrier"  to  the  passage  of peroxidase as  being  the  fight junctions  between 
endothelial cells of vessels in the cerebral cortex which are characterized by an 
apposition or fusion of the external leaflets of the cell membrane. Shabo and 
Maxwell (32)  have implicated the same locus for the "barrier" to passage of 
the same enzyme from the opposite direction, i.e., from the CSF  (cerebro-spinal 
fluid), via the arachnoid villus, into the circulation. In this connection, we may 
refer to the experiments of Majno and Palade (33, 34) in which local injection of 
either serotonin  or histamine  caused  the  endothelial  cells  of vessels  on  the 
venous side of the vascular bed in rat cremaster muscle to separate, creating 
discrete intercellular gaps through which colloidal mercuric sulfide, which had 
been injected into the circulation, escaped. Leakage occurred most readily in 
venules 20-30 ~ in diameter, decreasing toward larger veins, as well as toward 
the finest venules. Rawley extended these findings (35)  and showed that the 
vasoactive amines produced increased permeability, not by direct action on the 
endothelial  cells,  but  by causing  contraction  of  smooth  muscle  in  veins;  a 
decreased flow and a rise in pressure occurred in venules which drained into the 
constricted veins.  The  resultant  dilatation  of  the  venules  caused  physical 
separation of junctions between endothelial cells through which  marker sub- 
stances escaped. The extent and distribution of leaks was determined by the 
smooth muscle content of the cell walls of the veins and by the size and wall 
structure (content of elastin and collagen and numbers of pericytes and endo- 
thelial cells) of the proximal venules. 
If deformation of vessels, with separation of junctions between endothelial 
cells similar to those which form in response to serotonin and histamine (de- 
scribed above) occurs in the CNS, the openings would provide an exit route for 
virus from the blood. Furthermore, because of the peculiar anatomical arrange- 
ment of the endothelial interfaces in the cerebral vessels, separation would be a 
relatively rare occurrence. This postulate is compatible with our results. When 
a  comparison is made between the numbers of viral particles or PFU which 
constitute  an  LDs0 dose  by  the  intravenous  and  intracerebral  routes,  it  is 
apparent that CNS infection of the mice via the blood is a highly inefficient 
process.  Moreover, when the  2-3-fold increase in  infectivity exerted by the 
vasoactive amines is taken into account, transfer of virus into the CNS from 
the circulation remains at a relatively low level. 
Under conditions in which increased cerebral blood flow consequent to the 
pressor response to the vasoactive amine in the other vascular beds operates to 
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tween the blood and CNS interface would be expected to promote some out- 
flow of virus from blood  to brain.  In such  an environment, an increase  in 
gradient flow would undoubtedly add to the increase in infectivity of circulat- 
ing virus. This would explain why a significant increase in injection volume adds 
to the enhancing effects of vasoactive amines but does not effect enhancement 
by CO2. 
Although separation of endothelial  junctions might be expected  to appear 
in  greater  numbers  in  corresponding  peripheral  vessels  in  response  to  the 
vasoactive substances,  the overall greatly reduced  blood flow would restrict 
virus access to these areas. This may account for the finding that the rate of 
pock evolution on the exposed areas of skin of the mice infected by the intra- 
venous route with vaccinia virus is not accelerated by the action of these com- 
pounds. 
If the action of adrenalin, noradrenalin,  or serotonin is in part the creation of 
openings between  vascular endothelial  cells in the CNS by which  increased 
numbers of virus gain  entry into the CNS,  the lack of virus selectivity or 
specificity by this mechanism  could be explained  and the resultant enhance- 
ment may be described in general terms as mechanical, in contradistinction to 
physiological, proposed for the action of CO2. 
Studies  in progress  employing  supravital fixation of vessels in situ in the 
CNS following administration of vasoactive amines, of vasoactive amines plus 
blocking agents,  and of CO, should yield tissue  sections which will permit a 
definitive  conclusion concerning  possible  vascular changes in the CNS  con- 
sequent to drug action. Concomitant studies also in progress employing com- 
bined fluorescent  antibody and electron  microscopic techniques  should  yield 
information which will permit localization  of the initial sites of infection and 
thus permit confirmation  or rejection  of the hypotheses which have emerged 
from the present investigation. 
The role of adrenalin and related compounds and serotonin in the pathogenesis 
of encephalitis in man is completely unknown. In the experimental model with 
mice,  relatively high  concentrations have  been  employed  to  elicit  the  re- 
producible responses which have been reported. On a molar basis, adrenalin was 
the most potent compound investigated. When a 5/zg dose was employed, the 
effect of noradrenalin was comparable  to adrenalin,  but when this dose was 
reduced by one-half the effect of noradrenalin completely disappeared,  while 
the effectiveness of adrenalin remained  at about two-thirds the level elicited 
by the higher concentration. Since all of these  compounds  are rapidly inac- 
tivated by appropriate enzyme systems, it is impossible to say exactly  how much 
of the injected dose  was responsible  for the measured response.  These bio- 
logically active compounds participate in numerous physiological mechanisms 
and it is possible their interactions, particularly under conditions of stress and a 
prevailing viremia,  facilitate the entry of virus into the CNS. 744  VASOACTIVE AMYN~S AND CO~ IN VIRUS INFECTIVITY 
SUMMARY 
The inhalation of CO~ exerted a selective action on the entry of viruses into 
the  CNS  of mice via the circulation.  In 6  wk old  animals,  the infectivity of 
poliovirus,  vaccinia,  and vesicular stomatitis viruses was  enhanced,  whereas 
the entry of herpesviruses and  of a neurotropic influenza virus was not affected. 
However, in 3 to 4 wk old mice, inhalation of the gas enhanced the infectivity 
of all the viruses. To explain the relationship of age to the animals' response to 
COs,  it was proposed that  COs inhalation,  by increasing  the  rate of cerebral 
blood flow, served to increase the exposure of some extraneural cell(s) to virus, 
possibly  the  cerebrovascular  endothelial  cell,  in  which virus  replicated  and 
reached the  brain  parenchyma by direct  extension  of the infectious  process. 
Consequent  to maturation,  the postulated  target cell developed resistance to 
certain viruses, while its susceptibility to others remained unchanged. 
Inoculation  of  adrenalin  or  serotonin  simultaneously  with  virus  into  the 
circulation enhanced the CNS infectivity of all the viruses tested in both 4 wk 
and 6 wk age groups of mice. The enhancing effects were completely inhibited 
by the action of an a-adrenergic blocking agent; it was therefore concluded that 
hemodynamic  changes  produced  by  the  contractile  response  of  the  smooth 
muscle cells in the vessel walls mediated the enhancing effect. It was suggested 
that a vazopressor response invoked in the peripheral vessels, with a consequent 
increase in cerebral blood flow, increased virus dosage to the CNS. In addition, 
a  direct effect of the vasoactive asn~ne on the cerebral vessels,  resulting  in  the 
disruption of an anatomical "barrier", was considered as a contributory factor 
in increasing the transfer of virus to the CNS from the circulation. 
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